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We describe a realistic, renormalizable, supersymmetric “quindecuplet” model in which the top quark,
left-handed bottom quark, and up-type Higgs boson are composite, with a compositenessIse8ldeV.
The top-quark—Higgs-boson Yukawa coupling is a dynamically generated strong interaction effect, and is
naturally much larger than any other Yukawa coupling. The light-quark doublets and right-handed up-type
quarks are also composite but at higher energies; the hierarchy of quark masses and mixings is due to a
hierarchy in the compositeness scales. Flavor-changing neutral currents are naturally suppressed, as is baryon-
number violation by Planck-scale dimension-five operators. The model predicts that the most easily observable
effects would be o-quark physics and on theparameter. In particular, a small negative = — € leads to
ARy,>+2€. There are effects oB-meson mixing and on flavor-changing neutral-curdesgfuark decays to
leptons which might be detectable, but notlon:sy. The model also suggests the supersymmetry-breaking
mass for the right-handed top squark might be considerably larger than that of the left-handed top squark.
[S0556-282(97)02919-9

PACS numbsgps): 12.60.Jv, 12.60.Rc, 14.65.Ha, 14.80.Cp

I. INTRODUCTION qguences at low energy. Furthermore, the compositeness scale
cannot be scaled down to low energy as proton decay will
One of the most intriguing clues to physics beyond thebecome far too rapid.
standard model is the hierarchy of quark and lepton masses. In this paper we discuss a significantly modified version
In understanding why most fermions are so much lighterf the supersymmetric quindecuplet scenario in which the
than the top quark and th&/~ and Z° gauge bosons, and scale of compositeness of the left-handed top and bottom
why they seem to have a definite though ragged generationguarks, the right-handed top quark, and the up-type Higgs
structure, we might hope to learn the mechanism of elecsuperfield can be only slightly above the weak scale, and the
troweak supersymmetry breaking, explain why only threeproton is stable. The other left-handed quark doublets and
generations exist, learn where Yukawa couplings come fronyight-handed up and charm quarks are similarly composite,
and obtain hints about grand-unified theof@UT) and but are made of different preons, and are much more tightly
Planck-scale physics. bound. The right-handed down-type quarks, the leptons, and
Supersymmetry provides an attractive solution to thethe down-type Higgs boson are elementary particles. A hier-
gauge hierarchy problem, but so far has not given us aarchy of quark masses and mixings with a reasonable struc-
explanation for the hierarchy of quark and lepton Yukawature can be generated. Our model provides a realization of 't
couplings. In many supersymmetric models the large topHooft's idea that the Higgs boson should be composite at a
quark Yukawa coupling provides the dynamics behind elecscale below a few TeV and that some of the observed fermi-
troweak symmetry breakindl], but no explanation is given ons should be composites which, due to chiral symmetry, are
for why this Yukawa coupling is so much larger than therelatively light compared with their inverse size, with the
others. Yukawa couplings generated via compositeness effédts
A proposal along these lines was madé¢2r8] in whicha  We have taken advantage of the recent discovery that the
dynamical mechanism for generating the top-quark mass wéew-energy limit of many strongly coupled supersymmetric
suggested. In this “quindecuplet” scenario, the top-quark,gauge theories contains massless composite bound ptates
left-handed bottom quark, and up-type Higgs boson are paflas has been anticipated for some tifBe7]).
of a 15-dimensional multiplet of composite particles, each There is vast literature on composite models of quarks
containing two “preons.” The ordinary SU(3XSU(2), and leptons, with and without supersymmdtry. However,
X U(1)y gauge interactions can be embedded inta3U we believe this example is unique in having the following
under which the composite particles transfornbaslO. The  features.
top-quark Yukawa coupling is generated by a strong- (1) The dynamics of the strongly coupled gauge theory
coupling effect of confinemeni4], and the bottom-quark we consider is tightly constrained by consistency with super-
mass is generated through an effective higher-dimension ogymmetry.
erator. Viable three-generation models, employing all or part (2) The theory is renormalizable and weakly coupled at
of this mechanism with the compositeness scale near to theigh energy.
Planck scale, were proposed[iB]. However, these models (3) Many features of the hierarchy of quark masses and
are very difficult to rule out as they have no new conse-nixing angles may be gqualitatively understood in terms of
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three different compositeness scales. enhance production of the third-family quarks and Higgs
(4) At the weak scale, the model is a phenomenologicallypbosons at very high-energy colliders. We discuss possible

viable and interesting extension of the standard model, wittexperimental signals for compositeness in Sec. IV.

new strong gauge interactions at 1-3 TeV. Baryon and lep- Some unpleasant features of the model are that we have to

ton numbers are sufficiently conserved and new sources @five up grand unification of the ordinary gauge couplings,

flavor-changing neutral current§"CNC's) can be kept and thatthe leptons have to be putin as a separate sector in

within experimental bounds. order to ensure a long life for the protérrurthermore, we

These features make the model an ideal laboratory t§"€ required to make one dynamical assumption regarding

study the observable effects which could arise from compostl€ effects of confinement on the supersymmetry-breaking

iteness mass terms. Despite these aesthetic drawbacks, we feel this
The low-energy phenomenology of the model is similar tomodel IS Interesting enough to des_erve study, as its f_eatures

that of the minimal supersymmetric standard mcéSSM) are quite dlffe.rent from most previous ones. In pgrtlcular,

(8], but it has an approximate $6) global symmetry, of some compositeness models must have a much higher com-

hich the standard-model . b that h ositeness scale in order to avoid problems with proton de-
which the Standard-model gauge group 1S a subgroup tha So\y. Many have difficulties generating the observed hierar-

several intergsting consequences. Fir'st, ceﬁain impqrtar&hy of fermion masses and mixings without also generating
low-energy signals of compositeness, including correctiong;gniicant flavor-changing neutral currents, make several
to top-quark and left-handed bottom-quark couplings and tercent corrections to precision electroweak predictions,
the p parameter, are related by ) and supersymmetry. It ang/or require dynamical assumptions which are not known
is amusing to note that this scenario, in which the up-typ&o be correct in any limit. This model seems to avoid all of
Higgs and left-handed bottom quark are composite througihese problems.

the same dynamics, can potentially explain the reported ex- |n the following section we describe a one-generation ver-
cess inZ—bb event$ [9] and push the parameter slightly ~ sion of the model, and then present the full three-generation
negative without leading to other phenomenological prob-model by studying a sequence of effective field theories.
lems, as we show in Sec. IV.

Below the confinement scale the @Y symmetry re- IIl. A MODEL OF COMPOSITE QUARKS
quires two massive supermultiplets which are not part of the
MSSM—a charge 1/3 color tripldd with baryon number Our model is built around the simplest example ofNin
—2/3 and a charge 1 color singlEtwith the quantum num- =1 supersymmetric gauge theory which is known to confine

bers of a proton—which we will refer to as a “diquark” and and to not dynamically break its global symmetries, i.e.,
a “triquark,” respectively. These particles have ordinary SU(2) with chiral superfields in six doublets. This theory has
gauge couplings and very small couplings to the first twoan SU6)XU(1)r global chiral symmetry. By looking for a
generations of quarks but couple strongly to the third genlow-energy effective description of this theory which has the
eration. Their masses are proportional to free parameters 68me global anomalie§6], moduli space of vacua and
the model. gauge-invariant operators as the high-energy theory, Seiberg
To suppress flavor-changing neutral curre(fENC’s)  was able to determingt] that the correct low-energy effec-
we rely on a gauge-mediated supersymmetry-breaking scéive description of this theory contains a massless gauge-
nario[11]. A viable possibility is to append another sector tosinglet chiral superfielt;; (i,j=1, .. .,6,)transforming as
the model which breaks supersymmetry and contains “mesa “quindecuplet’—a 15-component antisymmetric tensor of
senger” quarks and leptons at30 TeV, as in[12], though the global SW6)—interacting via the effective superpotential
perhaps a more compelling solution can be found. Compos-
iteness effects change the predictions for squark masses;
SU(6) relations imply that the right-handed top squark,
which contains two preons carrying 8) color, gets a
larger soft mass than the left-handed top squark, which con- In our model, the dynamics behind preon confinement
tains one colored and one colorless preon. into quarks will be three such $P) supersymmetric gauge
Somewhat above the confinement scale it becomes posheories. The preons carry ordinary SU{S)SU(2),
sible to produce the resonances which are expected in thege U(1), interactions, which are embedded in the usual way
ries with new strong interactions, which will occur as super-into an SU5) subgroup of the S&) global symmetries; &
multiplets transforming in S(&) representations. In analogy branches to3,1, — 1/3)+(1,2,1/2) +(1,1,0). The compos-
with QCD we guess that these will include vector bosonsie fieldsM include the quark doublet and up-type antiquark,
(plus their spin 0 and 1/2 superpartnessith quantum num-  an up-type Higgs doublet, a diquark, a triquark, and their
bers allowing them to mix with all the ordinary superpartners. The effective superpotentall) will be re-
SU(3)xXSU(2)xU(1) gauge bosons. These resonances will

1
W=Pf(M)=ae”k'm”MijMHan. (2.2

. 2if all the compositeness scales of this model are taken higher than
There is also a reporteess significantdeficit inZ—cc events  ~10'° GeV as in[2,3], then we can maintain ordinary quark-lepton
[9], which we cannot account for. A recent analysis suggests that and gauge coupling unification. It is even possible to unify the new
revision in charmed-meson branching fractions could account foktrong interactions with the standard gauge interacib@g Unfor-
the charm deficit irz decay, and perhaps also affect the extractiontunately, with such high confinement scales we would not find any
of the Z—bb rate[10]. explicit signals for compositeness.
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TABLE |. Fields and symmetries.

Superfield SU(2) SU(2), SU()  SUB)  SU(2), Ul), U1y Z,
d, 2 1 1 3 1 -1/3 -1/6 +
h, 2 1 1 1 2 1/2 1/2 +
ny,Np,N; 2 1 1 1 1 0 -1/2 -
N;,Nj 2 1 1 1 1 0 1/2 +
d, 1 2 1 3 1 -1/3 -1/6 +
h, 1 2 1 1 2 1/2 1/2 +
n,,Ny,Nj 1 2 1 1 1 0 -1/2 -
N,,Nj 1 2 1 1 1 0 1/2 +
ds 1 1 2 3 1 -1/3 -1/6 +
hs 1 1 2 1 2 1/2 1/2 +
ns,N3,Nj 1 1 2 1 1 0 -1/2 -
N3, N} 1 1 2 1 1 0 1/2 +
d, (i=1,2,3) 1 1 1 3 1 1/3 -1/3 -
H, 1 1 1 1 2 —1/2 0 +
E 1 1 1 1 1 -1 -1 -
D, 1 1 1 3 1 1/3 213 +
e 1 1 1 1 1 1 0 -
I 1 1 1 1 2 -1/2 0 +
sponsible for the top-, charm, and up-quark Yukawa cou- PO

plings. In order to obtain masses for the bottom, strange, an¥V= 7h3h3E3+ 7"hgngH3+ n°d3n;D3— v GadshsHs

down quarks, we will need to include some additional mas-

sive particles, which are doublets under the confinind2sU kP — _—

groups. — 1 UadsdsDs+\lsesHs. 2.3
Without further ado, let us list the gauge and global quan-

tum numbers of all chiral superfields that will appear in theAt the scaleA the SU?2); gauge theory becomes strong and
deergoes the confinement discussed above. The six preons
d3,h3,n3 bind into a quindecuplet containing the quark dou-
blet q;~dsh;, the top antiquarkuz~dsds;, the up-type

demonstrate that it is a good symmefgside from the
SU(2), anomaly. Note that, as in the MSSMB and L
c_onservation nee'd not be.explicitly imposed, but can.be aq—_”ggs bosonHs~hgn, and two new field ;~dsn, and
cidental symmetries resulting from a combination of discret —hoha. The d ical tentied. 1) | ted
symmetries and renormalizability. Baryon number can be 3 33" e dynamical superpotentid.1) is generated,
guaranteed simply by imposing a discrete unbrokgnR and the resulting superpotential is
symmetry under which the superpotential changes sign. The b= i T D =
Z, symmetry we choose need not guarantee lepton number W=A(7"E3Es+ 7 HgHz+ 7"D3Ds) + @q3q3D3
conservation. Other unbroken discrete symmetries can be e A
found which would guarantee lepton number conservation. + BQsUzH 3+ yuzD3E;— kI Vi QsdsH;
In this paper we will simply assume lepton number is con-
served for simplicity, although it would be interesting in fu- A o
ture work to consider the consequences of allowing lepton- —kI\P M uzdsDs+A%5e5Hs5, (2.9
number violation.

As a warmup, we present a one-generation version of the

model, in which the top quark gains a large Yukawa Cou_where a~ B~vy~1 are introduced to account for the fact

pling and the bottom quark receives a smaller one. Considdfat the SW6) symmetry which determined the superpoten-
a theory with gauge group SBYXSU(3).XSU(2), tial (2_.1) has been weakly broken by the_gauge and_Yukawa
XU(1)y, where the first group factor is the confining gaugecoupllngs. The fieldD and E are massive, let us ignore

group. As matter content we take the fields in Table | withthem for the moment. The terfiqsusHs is the top-quark
subscript 3. As a superpotential take Yukawa coupling; it is of order 1. The bottom-quark

_ _ _ Yukawa coupling, k9\"(A/M)qgsdsH3, is naturally less
W=MN;3N5+M’'NjN;+ 75hshsEq+ HhangHs than one, its exact value set by/M. (The bottom quark
Dt T de T h — 5 — mass_also depends on the raffblz)/(H3).) The term
77 d3NgD g+ k7d3N3ds X "hsNgH3 +A"d3N3D 7"H3H; is the u term (the supersymmetric mass for the
e 3e_3H_3. (2.2 Higgs bosonswhich is naturally of order\ or smaller.
Thus, forA~1 TeV, M~1-40 TeV, the model naturally
Below the scale of the massive doublets the effective supegenerates a large top-quark mass, a smaller bottom-quark
potential is mass, and an acceptahleterm. The mass of the lepton is
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put in by hand. Two new particldd andE are massive and The mass hierarchy for the quarks follows from a hierar-

do not much affect physics near or belomy . chy among the mass termié,. Each SU(2) confines at a
We now turn to the construction of the full three- scale A,~MZ3A}3. Our assumptions, in particular our
generation model. The superpotential choice of four doubletsN,,N.,N,,N. of approximately

equal mass for each confining group, will lead to the rela-
tions for the natural order of magnitude of quark masses and

— S —— mixings:
W=§ (M NN, + MaNaNa)Jr; (7E:hah4E;
— — — — IO el (13
+ 7hihanaHi + 75 danaD; + k§idaNad; + A 5ihaNaH; Mg /Mg~ My /M= 615~ (M2 /M),
- _ m /mb"" \/m /mt"" 023~(M3/M2)(l/3),
+)\gidaNaDi)+% NikligjHk (2.5 * ¢
: O15~(M3/M )23, 2.6

is the most general gauge-invariant renormalizable superpd/e can choose th#!, such that these are all satisfied to

tential consistent with the globah X U(1), symmetries, and within a factor of 3 experimentally.

an additional global symmetry which prevents trilinear cou- With such a large hierarchy of scales, a step-by-step top-

plings for theN,N, . (We forbid these latter couplings be- down effective-field theory analysis is appropriate. We ig-

cause we find they can result in unacceptable FCNC's: Seeore logarithmic effects from renormalization-group run-

Sec. Il C for a variation in which lepton numbersl,+1 are  ning, since these only giv®(1) corrections to our results.

assigned toN, N, respectively, which suppresses FCNC's, Step I: At energy scales of ordeM;~M;j(~3

and which we hope could explain the lepton mass hierarchy.x 10° TeV), we integrate ouN;,N;,Nj,N;, generating in
For convenience, we make field redefinitions so thabjhe the effective superpotential the terms

coupling matrices are upper triangular and thenatrix is

lower triangular. All numerical constants except for those 1 Y P TR
rang — . P _<_M ) ,72 dyxjdj (AN D+ hATH)).

describing the leptoit couplings are assumed to be of order 1/i=123j=1,23

1. 2.7

A complete analysis of the low-energy physics of this . .
theory follows in the next section; here we give a brief sum-1 "€ effective SU(2) gauge theory now has six light dou-

mary of the roles played by the various terms in E5). At~ Plets and will eventually confir’1e.

each compositeness scalg, the fieldsE,, H,, andD, Step I: BEIOW—the—SCG‘H‘MNMZ(N_leOS Tev), we
combine with the composite fieIdE_a~ hohy, Ha~han,, integrate oulN,, N,, N;, andN;, inducing the superpoten-
D,~d,n, to get masses of ordef,,A, . Off-diagonal terms ~ tia! terms

in the » matrices will cause these composite fields to mix

slightly; the mixing angles are pro_porti_onal to ratios/06. 1 o o o
The quark fjoubleﬂa are compo_sne 'fleldsiaha, and_the _<M_> dzkgjdj(dz?\zDiDi+hz?\;Hi)-
up-type antiquarksi, are composite fields,d,. The field 2)i=1 3

H; will become the down-type Higgs field of the MSSM. 28
The cou'plingsf of the down quarks to thig are generated.by Now the SU(2) gauge theory also has six light doublets.
graphs involving tree-levelN,N exchange and the matrices Step IlI: Below the SU(2) confinement scale\;(~3

23]=2,

x4 and A", Similar graphs, withA" replaced by/_\D' will X 10* TeV), we write down an effective theory for the com-
generate couplings of th8’s to up and down antiquarks. A posite degrees of freedonD;~dyn;, E;~hshy, H;
linear combination of the composite field$, (which is  _p n.  q,~d;h;, andu;~d,d,. The dynamical couplings

mostly H3) will become the up-type Higgs. Its superpotential (2 1) are written in terms of these fields as the effective su-
coupling to the composite quarks is generated dynamicallyperpotential

The couplingsAﬁ3 in the last line will be responsible for
lepton masses.

@1010:D1+ B10.UsH 1+ y1DqUsEy, (2.9

A. Obtaining the low-energy effective-field theory wherea, B, and y are of order 1 and are equal up to small

The mode is straightforward to analyze provided that allSU(6)-breaking effects. For simplicity of presentation, we
the gauge and Yukawa couplings are weak at high energiesill set the dynamically generated B, y couplings equal to
andM,,M/>A,. (Another limit, A,>M,, will be briefly 1 in Egs.(2.10, (2.12, and (2.13. Somewhat below this
discussed in Sec. Il CA realistic pattern of quark masses scale, couplings in the original superpotential produce mass
and mixing emerges when we assuMg~ M and take the terms marryingg; to E;, H; toH,, andD; to D;. Only the
three confining S(2) couplings equal at short distances fieldsq, (the up and down quarksindu, (the up antiquark
(with dynamical scalé\y). The lepton mass hierarchy is put survive to low energies. We integrate out the other compos-
in by hand in the superpotential. We ignore the lepton couite fields. The couplings induced in the effective superpoten-
plings for the remainder of this section. tial for the light fields are



4230 ANN E. NELSON AND MATTHEW J. STRASSLER 56

> > —(ﬂ)xdd_-(q AAH A UA2D )+ i) My A?l)q Qrukd; — (i> (i)q ughi(pHn AN
15531503 M, 1iUilH1A 15 H;j 1N Y M, 7]?1 > 1U1YU1 Ky A, 7]?1 141nj 077510 ity

1 ASy
M,A, d2K2Jd 77H q;ush;

U1d2d2K2]d hkhk] (21@

M1 \—
( E D)Uld(ﬂjln]“‘)\]lN )hkhk
711711

+ 2 di (77N + AP N [+
o |d1ta 1(77,1'11 i1 i)
711

A3y ) ( 1 )()\2177k1
+ 5 Qi | —| o
2] \MaAT iy

A?

Step IV: SU(2) confines atA,~300 TeV. Below this scale we rewrite the theory in terms of the light composite states
D,,d,,H,,u,,E,, with superpotential couplings

@020, 2+ Bo0aUzH 2+ ¥,D U E, . (2.11

Couplings in Eq(2.5) result in masses dez,D_z,Ez ,E_Z,HZ,H_Z; integrating them out leads to superpotential terms:

H

—( )K d( AD D+ N H)+( 1)(—22+ 22) dd.— (—1) (—1> h( +AH N3)
u u u n
i h3iSa M 2j 2A 2303 T (oA o33 M P > 0202, 2K3iUj A, ;1 SPLPUE 7732 3T AzolN3

1
Az

ﬂu_d( g+ NN gyt | d)\D e M
77227]22 203( 73131 A 3oN3)N3N3 MlAZ Q2K1| nngl n;u‘hz

+

1 D D
—5 | d20203( 73203+ A 5N3) | +
722

Ay )()\127732) ( A, ) d‘(AH — )\zD
UqUok dh h Kyd u,+ u
<M1A2 e, Uizraidina 3t M,A, d1K3; " SPLE) 7]?1 0,Uz

Step V: Below the scal® ;~M;(~50 TeV), we eliminatdN;, N_3 N_:; , N3, generating the effective superpotential terms:

] (212

A \Ts 1 7]31)\13"33
ds'<33d3((19)\33D3Jr h3)\33H3)+ Q1d3'<33d3 H U1h3+ ) Q1d3 A2M 1d3h3h3d3d3
711 1Vl 7/11’711
1 ) ()\H A3 1 (77327\23 33)
dsk u,ha+ d udddhh (2.13
(A v 0203 33ds ;s 2N3 7’D 0203 A§M3 7’227722 2030303N3N3.

Step VI: For reasons which will be explained in Sec. lll, we expect soft supersymmetry-breaking masses for scalars and
gauginos, which are of order 100—1000 GeV, to be generated at a scale of about 30 TeV.

Step VII:  SU(2) confines at~1 TeV. Because the supersymmetry-breaking masses for the preons are small compared
with this scale, we expect them to have little to no effect on the confining dynamics. We will make the assumption at this point
that the combination of confinement and supersymmetry breaking does not give expectation values to fields carrying color.
(This assumption is discussed in Sec. Il) @/e write down the effective superpotential below this scale in terms of the light
composite and fundamental fields:

D
773252 N300
—F— QauH+

7722 7722

Werr= A 3( 7bH H+ 7733DD + 7733EE) + 1303030 + B303UzH + 73U3DE (Az) quZD)

[

M\ g 4= 4 — _ =
—(M—l)(Kild1+Kg’zd2+Kg’gds)(qle3H+ul>\?3D)+

7731,31

11

q.u 1HJr

As| — o — A — N
Q1Q1D> ( 3)Kgads(Xg3Q3H+7\s?3U3D)—(M—Z)(ngd2+Kgsds)(QZwsHﬁLUzhgsD)

2 E_D
3\ [ MY\ — — (A
P ( E D )UzDE+ 9
2

2 E_D
3 (7731773171
2
Af

ﬁ)u—lDE_
711711

722722

+nonrenormalizable couplings. (2.19
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We have dropped the “3” subscript on the, D, andE It is attractive to consider this regime because our super-
fields, since only one linear combination remains of eachpotential has many free parameters which would be deter-
The nonrenormalizable superpotential couplings are all supmined by properties of the IRFP. For instance, we can assign

pressed by mass scales &% or higher. A discussion of |epton number td\.,, N. and add couplings of leptons to the
observable low-energy effects from effective nonrenormaliz NT

- | _
able terms, as well as an explanation for why we choost% rions;,og;‘r:;?eflo rm;";‘/izfr"r']\lea dl i)totrlfgll(l‘\z’l-zsl):; \é\\//f::natraer t:e;%r
A3z~1TeV, can be found in Sec. IV. A discussion of bp Y QOVE! y 9 9y

supersymmetry-breaking effects is in Secs. Il C and Ill D. '@nge, the lepton and fields acquire anomalous dimensions
Below ~1 TeV the model resembles the minimal super-©f order 1. Such anomalous dimensions could explain the

symmetric standard model, with the addition of the massivdlierarchy of lepton masses, as well as the quark masses and

E andD superfields. The up-quark Yukawa couplings to theMixing angles, as ir{16]. However, there are important

up-type Higgs boson are diagonal, with thé generation subtleties involved with this idea, and it seems we cannot say

quark receiving a coupling of ordekz/A;~(M3/M;)?3. anything about the theory in this limit without doing a fair bit

The down-quark Yukawa coupling matrix is lower triangu- of speculation. We leave this for a future publication.

lar, with the natural size of the entries in rowA;/M;

~(Ao/M))Y3. Thus, the natural size of Cabibbo-Kobayashi- Ill. BREAKING SUPERSYMMETRY

Maskawa mixing between families and j is ocmdi/mdj. AND ELECTROWEAK SYMMETRY

This is about what is seen for the second and third families,
and about a factor of 5 too small for the first and second
families. There is no specific requirement on frsince we It is usually assumed that supersymmetry is spontane-
can adjust the overall scale of down-type Yukawa coupling®usly broken in a “hidden” sector, which couples only via
by shifting theM,. However, since the top-quark Yukawa supergravity17]. Planck-scale physics communicates super-
coupling is a strong interaction effect, we do not expect thasymmetry breaking to the visible sector, leading to apparent
tanB will be much larger than one. ThB and E couple  explicit soft supersymmetry-breaking terms. In order that
mainly to third-family quarks; their masses, like thepa-  squark exchange does not produce excessive flavor-changing
rameterA 37755, are undetermined, but cannot be much aboveneutral currents, it is also usually assumed that the resulting
A5 and certainly can be smaller. Note that Bl and D supersymmetry-breaking contribution to scalar masses is
couplings to quarks are of the same natural size as the quarkniversal at the Planck scale. If squark masses are kept
Higgs boson couplings and are aligned in the same basi§arly degenerate by an approximate symméivpich is
providing more than adequate suppression of the FCNC gerroken only by small superpotential couplingthen a “su-

!

A. Hidden sector breaking

erated byD exchange in box diagrams. per Glashow-lliopoulos-Maiani(GIM)” mechanism pre-
We leave a discussion of electroweak symmetry-breakiny€Nts large FCNC's such as might contribute to g
and Supersymmetry_breaking terms for Sec. Ill. _KS mass d|fferenc¢18]. However Ha”, KOSte|ecky, and

Raby pointed out that the squark mass degeneracy is violated
by renormalization effects below the Planck scale, and so
theories which do not have approximate nonabelian flavor

It is amusing to note that if only the second- and third-Symmetries for the first two families may have difficulties
family quarks are composite, the model naturally predicts avith FCNC’s[19].
massless up quark, which could explain the small size of A way to avoid FCNC’s without squark degeneracy is to
strong CP violation [14]. The down-quark mass and the use approximate Abelian symmetries to align the squark
Cabbibo angle need not vanish. This variation can be remasses with the quark masses, so that, for example, the
garded as a limiting case of the model described in the predown- and strange squark masses are diagonal in the same
ceding section, with\ ;—o, M;—, A;/M;—mg/(H). basis as the down- and strange quark m_a%s Note that
for the left-handed squarks, it is not possible to align both the
up- and down-squark masses, since the soft supersymmetry-
o breaking terms are SU(g)symmetric. Because of the small

If any or all of the confining S(2)'s become strong at a K, — K¢ mass difference, it is phenomenologically necessary
scaleA ;> M,, the effective theory analysis is very different. tg align the left-handed down-squark masses rather than the
Seiberg has shown that the supersymmetrid2b@yauge |eft-handed up-squark masses.
theory with 8 or 10 massless doublets flows to a supercon- |n our model, there is no approximate Abelian or non-
formally invariant strongly interacting infrared fixed point apelian flavor symmetry for the quarks at any scale, and no
(IRFP) [15]. We expect this to be approximately the case forreason to expect that the Planck-scale physics which commu-
our model as well wheM ,, M <A, although in the ex- nicates supersymmetry breaking should respect any such
treme infrared the masses for the doubléts N, N, N, symmetry. Even if some miraculous mechanism provides de-
will push the dynamics away from the fixed point, causinggenerate squark masses at the Planck scale, the first- and
the theory to confine and produce the same light particles asecond-family quarks have strong couplings of very different
the limit described in the preceding section. However, in thisstrengths below the Planck scale, which will induce substan-
case the theory is strongly coupled for a long momentuntial (order ) nondegeneracy in the renormalized squark
range above the confinement scale, whereas in the precedingasses.
section we assumed weakly coupled descriptions both above Although nondegenerate, the renormalized squark masses
and below the confinement scale. will tend to align with the quark masses, since the squark

B. A minor variation with no strong CP problem

C. When the A’s are large
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mass nondegeneracy is produced by the same physics rgt(3)xSU(2)x U(1) quantum numbers, proportional to their
sponsible for the quark mass hierarchy. For the left-handegauge couplings squared. While it is straightforward to com-
squarks, the alignment will be with the left-handed uppute the supersymmetry-breaking masses for the scalar pre-
quarks. ThudD —D mixing could be suppressed. We see noons at short distances, the supersymmetry-breaking masses
way to account for the small size of thg —Kg mass dif-  for the scalar {(,b),t,D,H,E receive strong corrections from
ference, unless the first two family squarks are very heavyhe strong SU(2) dynamics. The global SB) symmetry
(~5TeV). can be used to predict the following approximate relations
We believe the experimental absence of large FCNC's igor the supersymmetry-breaking scalar mass temns
strong evidence that if this model or any similar approach is

. ~2 ~ ~ ~ ~ ~ ~
correct, then supergravity is not the messenger of supersym- m = m§+ 2xmﬁ, m§= m§+x(m§+ mﬁ),
metry breaking. We must therefore look well below the
Planck scale for the supersymmetry breaking and the mes- Ma=ma+xmé, m3=m3+xm3,

senger interactions.
_ _ Mz= M3+ 2xm?, (3.1
B. New mechanisms for supersymmetry breaking

In composite models wherem2 andx are an undetermined constants, angjm?

The most attractive possibility is that the same dynamicsare the supersymmetry-breaking masses for the prexgris
which produces the composite quarks could also result invhich in gauge-mediated supersymmetry-breaking scenario
supersymmetry breaking. Indeed many exampis13,23  are expected to equal the supersymmetry-breaking masses
are now known of supersymmetric theories in which gaugeor thed, , |, scalars, respectively. We expect that0 since
boson confinement, in conjunction with a superpotentialjt would be surprising for the lightest squarks to have the
leads to dynamical supersymmetry break[@§]. Most of  heaviest preons. The massagm? are the masses renormal-
these examples involve two or more gauge grdi@®, and  jzeq at an energy scale abovg. SU6) symmetry guaran-

a careful analysis of the constraints following from confine-iees that Eq(3.1) will survive strong renormalization effects
ment in one or more _of tr_]e groups, the Superp0tentla|,.a”6elow this scale in the long-distance effective theory, al-
gaugeD terms is required in order to uncover the dynamicalinough there will be small corrections from the explicit
supersymmetry breaking. - SU(6) breaking. The large S8) symmetric superpotential
In the limit that all couplings except the confining &YJs couplings in the effective theory cause the parameteasd

are turned off, our theory has a moduli space of SUPErSYMg2 4 pe strongly scale dependent, witlincreasing and2
metric ground statet]. We have treated the superpotential decreasing at low energy.

terms (2.5 perturbatively, and not found any mechanism However, it is possible that, for exampleﬁézﬁ"ng

whereby these could induce supersymmetry breaking. Our  —~>  ~o. . . Lot
model therefore appears to have the MSSM, without soft+x(md+mh) is negative at all scales belols, and in this

supersymmetry-breaking terms, as its low-energy limit. INC25€ color would be broken at a high scale. We make the

our analysis so far we have neglected any dynamical effect(gynamIcal assumption that this does not occur. If our as-

involving SU(3), and/or SU(2), gauge interactions. Al- s?mptmrn 'rsnvmw?[:]gbrthelzr:’\'ﬁ r\?vu.:,ttrrl]ave irsvrr]?ehsseng% scale
though it is conceivable that nonperturbative effects involy-O' SUPETSymmelry breaking ‘'owe an, ch case the

: . _compositeness of the light fields will be irrelevant for super-
ing standard-model gauge groups could lead to dynamlcaﬁ . o . .
supersymmetry breaking, the supersymmetry-breaking Scarcéymmetry preakmg. While it may be.possmle to_ build a
would surely be too small24]. We therefore must modify gauge-mediated supersymmetry-breaking model with a mes-

. . . senger sector near 1 TeV, it is likely th&t would even then
the model in order to introduce supersymmetry breaking. havg to be several TeV, making tk}lle m%)del much less inter-

C. Gauge mediated visible sector breaking esting for experiment, though no less viable.

We have outlined in the previous section why our model, D. Electroweak symmetry breaking
like all other viable supersymmetric models, requires the ad- ) . . )
dition of a “supersymmetry-breaking sector.” We have also _1he large top-quark Yukawa coupling, in conjunction
explained in Sec. Il A why in order to have acceptably smallWith SOft supersymmetry-breaking terms, can drive elec-
FCNC, supersymmetry breaking must be communicated b{foWweak symmetry breakingl]. In our model the top
interactions well belowA ,~ 300 TeV. The possibility which ~ Yukawa coupling is also related by the global GJsym-
is safest from FCNC is to have the ordinary mgtry to theD, E cogpllngs in Eq.(2.14), and these cou-
SU(3)xSU(2)xU(1) interactions communicate supersym- pllng.s also renormalize s_calgr masses. the thaL(Eq)
metry breaking to the squarks and sleptons, since these ifredicts that, as renormalization-group running caispeo
teractions are flavor blind. The first two families of squarksPeécome negative at low energies, the first scalar mass
will then naturally have sufficient degeneracy. Examples ofduared to go negative &7, and so the radiative elec-
low-energy supersymmetry-breaking sectors with gaugeUOWGak symmetry-breaking scenario is possible. In this re-
mediated supersymmetry breaking have been constructedrd the model resembles ordinary weakly coupled super-
and studied elsewherg 2], and shown to be viable, with Symmetry.
supersymmetry-breaking communicated at a sc&36 TeV. When the messenger scale is larger tiay) it is inter-
If we append such a sector to our model, the main effect willesting to consider the possibility that even wh”ﬁé might be
be the generation of mass terms for superpartners carryingpsitive, so that color is unbrokem? might be negative
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even at the confinement scale, making a radiative-breakingerms could be included if desirgd.

scenario unnecessary. In this case the model would more The most important corrections come from the low com-

closely resemble technicolor or topcolor. Whether this scepositeness scale of the third-family quarks and up-type

nario can occufand whether color is unbrokgnemains an  Higgs. Sinceqs, t, D, E, andH transform as a “quinde-

unanswered dynamical question. cuplet” chiral supermultipletM;;, the lowest dimension
With elementary quarks and leptons, the gauge-mediatedonrenormalizable terms for the composite fields allowed by

supersymmetry-breaking scenarfdg] are highly predictive the global symmetries are the dimension-six operators

and (so fap experimentally acceptable, with all

supersymmetry-breaking masses determined in terms of onelj d4o &2 [Tr(MTe"MeY) ]2

two parameters once the weak scale is fixed. In our mod 3A3

there are two undetermined strong interaction coefficients

andfﬁé) which affect the top- and bottom-squark masses and  + —22

electroweak symmetry breaking. Thus the uncertainties due 3

to strong SU(2) interactions lead to reduced predictive 4.1

power in this model, at least until tHe and E are discov-

ered. In particular, it is possible that the soft supersymmetry

breaking mass foH could belarger at the confinement scale . .
g e g sary for standard-model gauge invariaic&hese are of

:?:xeg]kesmn?\cr’:e'?Hﬁr:;lgntovfgl:rdp?sgﬁnhe;\fe ?(f)febcetsauEeletg- course the supersymmetric generalizations of the familiar
y y g — Qurrent-current interactions.

large soft supersymmetry-breakiitg—H scalar mass term, ) 44 effects may also induce dimension-six terms involv-

1
Tr(MTeVMeYMTeVMeY) 5 [Tr(M TeVMeY)]?|,

where C, , are unknown coefficients of order one, aad
contains the S(B)xSU(2)xU(1) gauge interactions neces-

and taB=(H)/(H) could be less than 1. ing ordinary SU3)x SU(2)xU(1) gauge fields. If we use the
naive dimensional analysis power counting schef28,
IV. EXPERIMENTAL TESTS which estimates the size of terms in an effective Lagrangian
OF QUARK COMPOSITENESS by using perturbation theory with the largest possible self-

consistent cutoff4mA), every additional spacetime deriva-
tive is associated with a factor 1/(#\) and every gauge
First, we consider higher-dimension terms arising fromfield with a factorg/(4wA). Thus we expecis, ,tg,H

the superpotential. The effective superpotential Ej14  compositeness to induce effective operators involving the or-
contains higher-dimension terms involving the ordinarydinary gauge fields such as

qguarks, but these are all suppressed by high-mass scales.

Since they do not give rise to FCNC at tree level, or violate . O(g?16r®) —  — NPy

any symmetries of the standard model, their effects are un- T AZ D.(e”"Wee")D,(e"Wre ") +H.c.

interesting at low energies. As we will argue below, the (4.2)

andE fields can easily be taken too heavy or too decoupled

to affect low-energy phenomena either at the tree level oand

through loops. All other superpotential terms are present in 2

the minimal supersymmetric standard model and need no d4e O(g/167°)

special analysis. A3
Actually, this is not quite true; there is one other set of 4.3

operators we should discuss. We have prevented baryon- ,
number violation in this model by imposing renormalizabil- Because the standard model is weakly coupled at the scale

ity at intermediate energies andZs symmetry. However, these operators can be expected to be unimportant relative to
this does not evade the usual problem of dimension-fiv&d: (4-). _
baryon-number-violating operators, which appear in the su- Furthermore, since the top quark, charm quark, and up
perpotential suppressed only by one poweMgfi e AS is q_uark do not mix at all, and since the nggs. boson is not
well known [25], these operators generically lead to protondlscovered and the .top quark is barely_ studied, all effects
decay at far too high a rate to be consistent with experimenfPservable now or in the near future involve the bottom
Fortunately, in thisand all other low-energy fermion com- quark and the expectation value of the neutral up-type Higgs
positeness modekhie problem is naturally solved: all such boson.
operators are suppressed by at least one factor of the con- Consider the SU)xSU(2),, subgroup of S(&), where
finement scale divided bW pjanc- SU(3), is a subgroup of Si4), and note thatqs,H) trans-

We next tumn to the higher-dimension operators in thefo'ms as &4,2) and that the left-handed bottom quark and

Kahler potential and those operators involving standargneutral up-type Higgs boson both halve= —1/2. It follows
model gauge fields. We search for effects of compositene§§at the current-curre_nt interaction involving four pottpm
at low energies by doing an effective Lagrangian analysisduarks, four neutral Higgs bosons, or two of each, is given
Since the confining interactions do not break supersymmetry,

and since S(b) is approximately valid at the confinement

scale, we use a supersymmetric(§ldnvariant effective La-  3we normalizeM;; through the kinetic termid*4Tr(Mfe'MeV).
grangian below the compositeness scEBbleading effects Note also that the usual definition &fin the compositeness litera-
due to soft supersymmetry-breaking and (6kbreaking ture is larger than ours by a factor ¢fi.

A. Low-energy signals

MTeVW e VD*(eYMeY)+H.c.
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by a single irreducible operator in tHe=1 channel whose where

coefficient is a unique combination ¢f andC,—we have

chosen our normalization of tfi& so that this combination is sing= (H) 4.9

C1+C,. Thus, all effects involving these particles are corre- 175 GeV '

lated. This is a remarkable consequence of botli6sdnd . o .

supersymmetry, and it leads to interesting predictions below! e constraint omp from precision electroweak analysis
In the context of a nonsupersymmetric theory, effects of 30] gives

operators induced by top-quark compositeness were dis-

cussed by Georgit al. [27]. They considered the effects of

dimension-six operators involving the to_p-quark, !eft'hande%‘?ere the last numbers reflect the uncertainties due to the

bottom quark and gauge bosons. Their model-independen

. ) . known Higgs mass. In a supersymmetric model with a
analysis found the.most stringent constraint on Ie.ft—handeﬁlght Higgs boson, this should be taken to mean
top-quark compositeness came from the possible four-

Ap=—0.0015+0.0019 3922 (4.10

bottom-quark contribution t84— B4 mixing. Constraints on Ap=—0.0024+0.0019. (4.11
right-handed composite top quarks were much weaker. _
Similarly, in our model, the terni.2) includes the four- Interesting corrections to th&—b—b coupling come

fermi interaction term from Eq. (4.1) as well, which contains the interactions

Gl 4C;+C,\ foo

T6AZ Q3L Y0330 ¥ 3L BTN Q3L Yuda H'iD#H

Cz T - CZ —_— s H,u,
+ 8A2 O3LY*Tals O3l YuTalaL - (4.4) + Az O3 Y, Tals H'iD#7,H
Hereqs ~ (1. ,VipbL + VisSL +Vigd, ). The term(4.4) gives C1—2C,\— o
a contribution to theB®,— B mass difference of order + 6A2 trYutrH D H. (4.12
2 2
|th|BBdemB The operatof4.12) can give important corrections to the top
Amg~(C+C) 18A2 , (4.5 and bottomz and W vertices, and was not considered by

Georgiet al. The rate forZ—bb will differ from the stan-
which for positiveC; +C, has opposite sign compared to the dard model rate. We find
contribution from the standard model. The value |wfgy|
extracted fromB meson mixing, assuming the standard B SIPB(C1+C) (1 TeV)?
model, is close to 0.0{28], but unitarity allows values as (75)35~0.04 A§ (413
small as 0.004, leaving plenty of room for a large nonstand- o e
ard contribution. Indeed, one can have the observed value @fhere vy, is defined by[31] I'(Z—bb)=T%Z—bb)(1
Amg with acceptablBg , fg, andVi4 as long as +v,), andI'? is the standard-model rate. The LEP and SLC

experiments currently indicate thi]
A3>0(0.5 TeWC;+Cy). (4.6)

One also needs to consider the effects of operators involv-
ing the Higgs and gauge bosons. We do not expect observ- Comparison of Eqg4.13 and(4.8) shows that our model
able effects from operators involving the gauge field strengttpredicts
such as those contained in E@4.2) and (4.3), because of .
the g/(167%) suppression factors. A strong bound on the (Ap)3s=(—0.44SirB(yp)y;. (4.19
compositeness scale comes from the operator

yp=0.023+0.007. (4.14)

The model is potentially consistent with the resulisl4)
Ci+Cy . and(4.17). If we assume the only nonstandard contributions
W) (HTiD#H)? (4.7  to vy, andAp come from compositeness, then for an&on-

3 sistency with Eqs(4.14 and(4.11) we must have

which is contained in Eqg.(4.1). A general model-
independent analysis of the observable effects of gauge-
invariant dimension-six terms including Higgs bosons wasrne |eft-handed top and bottom squarks give a positive con-
done by Grinstein and Wisg29]. They found that the only  tipytion toAp, while in our model a positivey, is correlated
low-energy observable resulting from the dimension-six op+ith a negative compositeness contributionMa leading to
erators with four Higgs fields and two covariant derivativesy possible cancellation. For instance, the values=
is a custo<_:iial S(2) violating shift in theW andZ masses. _ go24 andy,=0.02 can be consistent with 1 if the
Such a shift would affect thp parameter by an amount supersymmetry—br(\e?aking contribution to the scajgrmass

. 2 squared is (60 GeV) and left-right scalar mixing is small.
sm,G'(Cl+sz)(1 Tev) . (4.9 The operators(4.12) also give nonstandard flavor-
A3 changing neutrab—s—Z andb—d—2Z couplings. Thus if

tanB<1.3. (4.16

(Ap)ys= _O-OZC(
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the terms(4.12 account for the nonstandarg, measure- than 500 GeV. Furthermore nothing in the model prevents us

ment, the branching ratios and decay distributions forfrom giving the D field a large supersymmetry-preserving

b—sI*17, b—dI*I~, andb—svv should differ by a factor mass. We should therefore vidw-sy as a constraint which

of O(1) from their standard model valug28]. Experiments  forcesmp to be large compared witm,, but moderate com-

in the next few years will study these processes in detail. pared with the compositeness scale; as such it does not test
Note that the nonstandard weak gauge boson couplinge model. Exchange db fields can induce dimension-five

are mainly due to the composite interactions between thgnq _six terms which can contribute to FCNC’s, but given

Higgs andgs,t. Unlike the weak gauge bosons, the photonhe 1y .5y constraint these are always subleading to the

has no Higgs component. Thus while MéandZ couplings  gtandard-model contributions. There are no significant limits

to b andt_ quarks receive significant COmpoSiteness CoMecy, thap andE fermions or thek scalar beyond the obvious
tions, which could be as large as the standard-model on

. . %nes from collider searches. Note that althoughRhand E
loop corrections, the effects of compositeness onbthesy .
oo have the gauge quantum numbers of down quarks and posi-
rate are smaller than the standard model contribution.

The largest nonstandard contribution to #e— K¢ mass 202186 :heyn arr(?/ ft? ral.dden :0 th'XthW|rth V\tlrl1||e Ln Ey \i)ialr yt(') n-
difference comes from the compositeness af; umber conservation, as a resut, there € no violations

_ g of unitarity in the CKM matrix.
r((;\:/'i-d;/ébb'-+vcss'-+v°dd'-)' which is acceptably small Of course, nothing would substitute for the direct discov-
P ery at colliders of these supermultiplets. Generically speak-
A,>0(200 TeV). (4.17  ing, the main decay mode of the fermioniz (the “di-
quarkino”), which has oddR parity, is to two third-family

The contribution t — K mixing from the compositeness of guarks and a standard-model gaugino, while the diquark de-
05 is smaller by a factor ofV,qVism/(VeaVesmo) ]2 The  cays maln!y to two 'gh|rd-fam|Iy quarks. The tnq_uark, with
compositeness-induced nonstandard couplings @indc to ~ €venR parity, primarily decays to three third-family quarks,
the weak gauge bosons are negligible. and the scalaE (the “trisquark”) decays to three third-

Due to the high compositeness scale of the first family offamily quarks and a gaugino. Again, the absence of mixing
quarks, there are no significant effects stemming from th@f D andE with down quarks and positrons distinguishes the
compositeness afy, U. decays of these particles from similar particles in many other

Another possible signal of top-quark compositenesgnodels. Still, the specific decay modes o!epend in detgil on
comes from the top-quark Yukawa coupling. In our modelthe masses, both supersymmetry preserving and breaking, of
the top_quark Yukawa Coup"ng is a nonperturbative effect_these and other fields, and we do not have enOUgh constraints
A large top Yukawa coupling runs quickly towards an infra- On these masses to make definite predictions for their decay
red fixed line, which typically gives in the MSSM signatures.

m;~200 GeV sirB. (4.18 C. Squark masses

In the MSSMm, /sing cannot be more than about 220 Gev "€ standard predictions of a gauge-mediated
since a large top Yukawa coupling indicates that the MSSMFUPErsymmetry-breaking model with messenger quarks and

does not remain weakly coupled at higher enerdi@d. eptons[12] will apply to all fundamental particles and those

However in our model no such bound need be satisfied. Which are composite above the supersymmetry-breaking

We leave a more comprehensive analysis of the lowScale. In particular, all such quarks have roughly the same

energy phenomenology of quark and Higgs compositened®@ss, with the SL2),, doublet squarks of the first two gen-
for a future publication. erations being slightly heavier than the @), singlets.

However, the low-energy composite fields satisfy E11).
We expectx~1 andm(2,<0 at low energy in order that elec-
troweak symmetry be broken. This will then lead to the pre-
The model predicts that massive fiel@ls and E must  diction thatmy is greater tham, by a substantial amount, of
exist, in order that the composite fields of the third-order (very roughly 40%. TheD and E fields may have
generation form an S(8) representation. Both are $2) sin-  |arge supersymmetry-preserving masses, but were their soft
glets but are electrically charged, afd is colored. As a supersymmetry-breaking masses to be measured, a number
resul.t _they do not aﬁeq the parameter and other quantities s simple relations, such a"éf—+ m§~2fﬁ§, would be strong
sensitive to SIR) violation. TheE does not couple to any tests of SU6)
pair of light fields, butD does, and its couplings are not '
flavor diagonal and can violate the GIM mechanifd3].
Fortunately for the model, the GIM mechanism applies for
the first two generations, but tH2 has a large coupling to The most dramatic signals of quark compositeness could
the third generation and can contribute to FCN@iphys-  be seen in collisions at energies above the séaleHere the
ics, either through loops or through direct exchange. In loogparticle spectrum is expected to include a multitude of reso-
effects, limits fromb— sy on the scalar diquark are strongest nances, and the form factors for the couplings of top quarks,
and are similar to those on charged Higgs bosons. Howevebottom quarks, and weak gauge bosons will differ from their
the scalar diquark receives both a supersymmetric and standard-model values. If QCD is a good guide, the reso-
supersymmetry-breaking contribution to its mass. Thenance region is well above the scalg, by a factor of
supersymmetry-breaking contribution could easily be larger-3—10, and since we exped¢t;=1-3 TeV these would

B. New particles

D. Signals at multi-TeV colliders
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probably be out of reach for LHC and any forseeable leptormass hierarchy is explained as a hierarchy of confinement
collider. Still it is interesting to examine the likely high- scales, with the compositeness scale of the third generation
energy signals of the new strong interactions. We expect at 1-3 TeV. The up-type Yukawa couplings are generated
huge number of resonances with quite exotic quantum numdynamically, the down-type Yukawas by exchange of mas-
bers (color sextets, weak triplets, charge two, high spinssive fields and confinement. If gauge-mediated supersymme-
etg, but since these will probably have a mass oftry breaking is used, flavor-changing neutral currents are
~3-30 TeV they could be out of experimental reach for thesuppressed without fine-tuning. The model has two new su-
foreseeable future. permultiplets below a TeV, and a slew of resonances well
The resonances likely to have the largest effects on highabove a TeV, which couple predominantly to the third gen-

energy phenomenology are in a massive vector supermultigration. An approximate global $68) symmetry and super-
let, with the quantum numbers of a 35-plet plus a singletsymmetry assure that confinement-scale effects om the-
under the global S(6). These have ordinary spins 1, 1/2, rameter,Z—bb, b—sl*l1~, b—dl"l~, b—svy, b—dvr
and 0. Their ordinary S(3);x SU(2),, < U(1) quantum num-  andB—B mixing are determined by tghand a single un-
bers are known coefficient. The relation, Ed4.15), is particularly
unusual and also is phenomenologically interesting given
present constraints op and R,. Among the predictions
which are probably generic to low-energy supersymmetric
compositeness models are that the usual relations for soft
supersymmetry-breaking masses are significantly modified

(4.19
. . by compositeness effects and the problem of dimension-five
Their masses might well be too large to have effects at LHCbgryon-aumber-violating operatorspis eliminated

but it is worth asking how one could observe them if they are While unlikely to be the full story, especially as the lepton

on theflight tsrideh Perhapsl the Itartgest_ effects at LHC CO‘;L%ass hierarchy is unexplained and supersymmetry breaking
comle romf the eavy co Or:_'oﬁ et spln—c_)trrl]ethresolnance, d Fequires a separate sector, this quindecuplet model has many
analogue of the meson, which mixes with the giuon an interesting and new elements. Its ability to avoid many of the
gouplgs most strongly _to the third-generation quarks. I:)(m:"nélassic problems of compositeness models is remarkable.
tially it could show up in the channels Could this be a sign that a strongly coupled supersymmetric
o T auge theory is indeed the missing piece of the phenomeno-
gg—tt, gg—bb, gg—go. (4.20 %gigal puzzﬁé? gp P
Higgs boson and electroweak gauge boson production could
also be enhanced through some of the other resonances and

might be visible at LHC or at a lepton collider.
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(8,1,0)+(1,3,0)+3(1,1,0)+ (3,1, — 1/3) + (3,1, 1/3)
+(1,2,1/2)+(1,2,— U2)+(3,2,— 5/6) + (3,2,5/6).
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